This paper proposed a system architecture model of two-hop unmanned aerial vehicle (UAV) relay wireless communication and designed an energy harvesting and information transmission algorithm based on the energy harvested by UAV relay node. The energy of nodes except source node can be obtained by energy harvesting and all the UAV relay nodes transmitted signals via power splitting. Under the advance of non-static channel, the information user nodes were configured with multiple antennas and adopted max ratio combination (MRC). Based on the optimization criterion of energy efficiency maximization, the analytical solution of the optimal power allocation scheme for energy harvested and information transmission of multi-user two-UAV relay system was derived in detail. Since the optimization problem was a non-convex problem, this paper adopted the high signal-to-noise ratio approximation method and the power splitting method to realize the closed-form solution expression. The optimal solution of the objective function subjected with constraints can be obtained by Lagrangian algorithm and Lambert W function. Finally, the proposed algorithms and theoretical analysis are verified by simulations.
quite different from this paper in terms of system model, objective function, and constraint conditions. Although UAVs have many advantages, they are batterypowered devices whose endurance and power consumption limit their wider applications. RF energy harvesting technology can harvest energy from dedicated RF sources or signals in the surrounding environment [13, 14] . Energy harvesting technology is introduced to alleviate the energy consumption problem of UAV equipment. The introduction of radio frequency (RF) energy harvesting in UAV relay has become a research hotspot. Meng Hua and Sixing Yin studied the AF UAV relay network and the typical single-source dual-target system, respectively. Their base stations are simultaneous wireless information and power transfer (SWIPT) of the UAV and maximizing throughput by using joint multi-parameters [15, 16] . Lifeng Xie and co-author proposed an uplinking transmission energy harvesting system of UAV, which uses wireless power transmission to charge the user, who used the harvested energy to send information to the UAV to realize the system communication process [17] . Further Sixing Yin and co-author considered an energy-constrained UAV cellular network, which ACTS as a relay and improved the uplink rate through cooperative communication among all users [18] . Weidang Lu and co-author proposed an energyconstrained UAV communication network protocol based on orthogonal frequency division multiple access (OFDM) relay wireless power transmission [19] . This paper applies energy harvesting technology to UAV to alleviate energy consumption of UAV equipment. However, most of them are designed to solve the problem of energy consumption of UAV, which is less considered for subordinate users. This paper not only uses energy harvesting technology to alleviate the problem of UAV energy consumption, but also uses the characteristics of UAV mobility to charge the subordinate users.
The structure of this paper is as follows: Section 2 describes the methods used in the paper. Section 3 introduces the system model of UAV relay auxiliary communication. The optimal transmitting power is deduced in Section 4. Section 5 simulates and verifies the proposed scheme and theoretical analysis. Section 6 draws a conclusion in the paper.
Methods
This paper mainly studies the cooperative energy harvesting and information transmission algorithm of UAV relay, which is mainly reflected in the wide coverage and lowpower scenario of UAV relay node cooperation. Among them, wide coverage is mainly reflected in the cooperative transmission and energy harvesting of UAV relay nodes, while low power consumption is mainly reflected in the algorithm design of precoding or beamforming at the sending end of this paper. Under the advance of non-static channel, the information user nodes were configured with multiple antennas and adopted max ratio combination (MRC). Moreover, considering the actual power conversion efficiency and the power consumption factor of the hardware circuit loss in the EARTH plan [20] , the analytical solution of the optimal power allocation scheme for energy harvested and information transmission of multi-user UAV two-relay system was derived in detail. In addition, the asymptotically optimal transmission power solution is the minimum transmission power, so that the nodes of the system have lower power consumption and can realize a greener wireless communication transmission environment.
System model
As shown in Fig. 1 , the system model described the energy harvested and information transmission of the multi-hop wireless network. It is worth noting that the other nodes harvest energy from the previous nodes in order to solve the energy-constrained problem. Moreover, the UAV is a battery-powered device, and it is often difficult to replace the battery of the drone directly, so the assisted UAV relay node uses the previous node to receive the required information while harvesting energy via wireless channel. Therefore, in the first hop phase, the first UAV relay node R 1 harvests energy and receives information from the source node. In the second hop phase, the first UAV relay node R 1 uses the harvested energy to transmit the signal to the second UAV relay node R 2 and the harvesting energy node. In the third hop phase, the second UAV relay node R 2 uses the harvested energy to transmit the information to the receiving information node.
In the first hop phase, the signal received by the UAV relay node R 1 can be given by:
where P s is the transmit power of the source node in the network and the transmit power of the UAV relay node R 1 is the energy obtained by the signal sent by the source node. The signal transmission of the UAV relay node R 1 for the second hop is completely dependent on the energy acquired by the signal of the source node. So, it is necessary to optimize the information transmission and energy harvested of the transmit power of the source node, where h ∼ CN(0, 1) is the wireless channel from the source to the UAV relay node, subject to a cyclic symmetric complex Gaussian distribution with zero mean and one variance, and h is the jitter wireless channel from the transmitting source node to the UAV relay node R 1 . x is the transmitted signal and n 1 ∼ CN 0, σ 2 1 is the additive white Gaussian noise (AWGN) at the UAV relay node R 1 .
After receiving the signal from the source node, the UAV relay node R 1 uses the power splitting method to harvest energy as: 
where 0 < ρ < 1 is the power splitting factor, so the energy after the UAV relay node separates the signal from all received signals is √ 1 − ρ . The energy harvested is:
After the power splitting, the wireless signal received by the UAV relay node R 1 is:
where z 1 ∼ CN 0, δ 2 z1 is the conversion noise from the radio frequency to the baseband.
The power of the signal received by the UAV relay node R 1 is:
The signal transmitted by the UAV relay node R 1 is:
In the second hop phase, the energy harvested by the destination node for energy harvesting is:
where k ∼ CN(0, 1) is wireless channel from the UAV relay node R 1 to the harvested energy node, k is a jitter wireless channel from the UAV relay node R 1 to the harvested energy node, and σ 2 E is the variance of the noise at the harvested energy node. In addition, the signal received by the UAV relay node R 2 is:
where g ∼ CN(0, 1) is the wireless channel from the UAV relay node R 1 to the UAV relay node R 2 , n 2 is jitter wireless channel from the UAV relay node R 1 to the UAV relay node R 2 ,and n 2 is the AWGN noise at the UAV relay nod R 2 , where n 2 ∼ CN 0, σ 2 2 . The UAV relay node R 2 continues to adopt the power splitting method (the factor is θ) and the received energy and signals can be expressed as:
Then the signal sent by the UAV relay node R 2 is:
After the third hop transmission, the signal received by the destination node can be given as:
where w is prereception matrix and equals to f H f , f ∼ CN(0, m) is wireless channel from the UAV relay node R 2 to the destination node of the received signal, f is jitter wireless channel from the UAV relay node R 2 to the destination node of the received signal, and n 3 is the AWGN noise at the destination node, where n 3 ∼ CN 0, σ 2 3 . After substituting Eq. (11) into Eq. (12):
where A = P s h + h 2 + σ 2 1 .
Asymptotically optimal algorithm
This section mainly solves the optimal transmit power at the source. Therefore, this part designs precoding algorithm at source node to achieve green communications. The transmit power of source node can be optimized to meet the required energy by the energy harvested node to improve the energy efficiency of the entire system. The energy efficiency function is defined as the ratio of the instantaneous throughput to the total power consumption of the hardware circuit loss. From (13) , it can be derived that the SNR at the received signal node after three-hop transmission:
Based on Eqs. (14) and (7), the minimum energy required can be constrained and the optimization problem can be expressed as:
where α 0 > 0 is the preset threshold, which defines the minimum energy harvested at the destination node. a > 0 and b > 0 are parameters in the power consumption model that consider power conversion efficiency and hardware circuit power consumption cost, and the model is widely used in the EARTH project. The purpose of this section is to derive optimal analytical expression of the source transmit power. However, the objective function in Eq. (15) can be seen that P s is a cubic term, so the calculation can be very difficult. In order to solve this problem, a high SNR approximation method can be used to approximate the SNR in Eq. (14). In high SNR, the noise variance σ 2 z can be ignored. Using a high SNR approximation and the average allocation strategy for the power of the UAV relay node R 2 , Eq. (14) can be simplified as follows:
Substituting Eq. (16) into Eq. (15) , the problem becomes:
Equation (17) can be expressed as (18) to facilitate to solve with the Lagrangian multiplier method: min P s aP s +bm
The constraint can be written as:
Substituting (19) into Eq. (18):
Express (20) as a Lagrangian function:
where λ is the Lagrange multiplier.
By finding the first derivative of P s and making it zero, the optimal solution is:
Thus, the optimal solution to (22) is obtained as:
where W {·} is the Lambert function [21] , so that the asymptotically optimal transmit power of the source node can be expressed as:
Therefore, through the above derivation and analysis, the optimal source transmit power when the received energy and information node coexist in the multi-hop system are obtained. 
Results and discussion
This section simulates and analyzes the energy efficiency of the system implemented by the scheme proposed in this paper. The simulation tool uses MATLAB, and the number of Monte Carlo cycles is 10000. Both the harvested energy node and the information node receive energy and information through wireless channel. The parameter a in the power consumption model (p total = ap t + b) [22] ranges from 2 to 10, and b ranges from 2 to 10. All noise variances are set to 1, such as
, the channel follows Rayleigh fading distribution. Figure 2 shows the energy efficiency of the entire system for the power splitting factor ρ = 0.5 . It can be seen from the figure that for any parameter value of the power consumption model, the energy efficiency tends to be convex with the parameter α 0 increasing. This is because the throughput gain is much greater than the power consumption at low α 0 , which indicates that the energy efficiency of the entire system is improved. However, the throughput gain is limited with increased power for high α 0 . It can be seen from Fig. 2 , for a given b , as the parameter a increases, the corresponding α 0 value can be decreased. Figures 3 and 4 show that the energy efficiency function of the entire system for the power splitting factor ρ = 0.1 and ρ = 0.9 . Similar to Fig. 2 , the energy efficiency is a convex function. As can be seen from Fig. 3 , when the power splitting factor ρ is 0.1, the system energy efficiency may be increased compared to ρ equals to 0.5. This is because when the power splitting factor ρ is small, the system has a weak ability to harvest energy, the efficiency of receiving information is high, which may result in a decrease in system energy efficiency. Similarly, as can be seen from Fig. 4 , when the value of the power splitting factor ρ is large, the system has a weak ability to transmit information, but the ability to harvest energy will be increased, so the energy efficiency of system is also low. Therefore, the appropriate value of power splitting factor ρ plays an important role in improving the system energy efficiency. Figure 5 depicts the energy efficiency of system when the power consumption parameter a = 5, b = 10, [20] and the power splitting factor ρ set 0.2, 0.3, and 0.7, respectively. As can be seen from the Fig. 5 , the energy efficiency function shows different trends with the change of ρ value. This is because the ρ value determines both the harvested energy and the transmitted signal of the system. Therefore, the joint optimization of the transmit power and the power splitting factor ρ at the source node will be the next research topic.
Results
In this paper, due to the optimization problem is a non-convex problem, the asymptotically optimal solution of the optimization problem is obtained by the high SNR approximation method and Lagrangian algorithm and Lambert W function in order to solve the objective function. Additionally, comparing the difference between the approximate and the original solution, Fig. 6 compares and analyzes the asymptotically optimal solution with the original optimization problem. It can be seen from Fig. 6 that the asymptotically optimal solution solved in the paper and the optimal solution of the original optimization problem almost coincide in the multi-energy harvested region, where the difference is small. Therefore, the asymptotically optimal solution can be used as a simple method to solve the optimization problem. 
Discussion
Compared with existing literatures, the proposed scheme was based on non-static wireless channel, which was equipped with multiple antennas at the destination end and adopted the multi-hop transmission scheme prereceived by MRC to increase the transmission range and reduces the energy consumption. However, there are still some shortages in our proposed transmission scheme. First of all, as can be seen from the simulation results, the power splitting factor has an impact on the energy efficiency of the system, and the optimal power splitting factor has not been optimized in this paper. In addition, although the proposed scheme considers the situation of multiple antennas for the purpose, there is no joint optimization of the optimal number of antennas. Finally, in the future, multiple parameters such as the transmission power, power splitting factor, and the number of receiving antennas will be considered for joint optimization to make the proposed scheme more comprehensive.
Conclusion
In this paper, the energy harvested and information transmission scheme was designed for multi-hop communication system. The UAV relay node used the power splitting method for information transmission. Under the advance of non-static channel, the information user nodes were configured with multiple antennas and adopted max ratio combination (MRC). The energy efficiency function is defined as the ratio of instantaneous throughput to the total power consumption of the hardware circuit. The UAV relay node uses the harvested energy for information transmission. Considering the actual power conversion efficiency and the power consumption factor of the hardware circuit loss in the EARTH project, the analytical solution of the optimal power allocation scheme for the energy harvested and information transmission of wireless system is derived in closed-form expression. Since the optimization problem is difficult to calculate, the paper obtains the optimal solution of the optimization problem by using the high SNR approximation method. Finally, the system energy efficiency are verified through simulation. By comparing and analyzing the asymptotically optimal solution and the original optimization problem, it is proved that the asymptotic solution can be used as a simple method to solve the optimization problem. The important role of the power splitting factor can be seen through simulation. Therefore, the joint optimization of the source transmit power, power split factor, and UAV relay node selection will be the next research topic.
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